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INTRODUCTION

EXPERIMENTAL
Chemicals and materials
Analyte names, CAS number, molecular formula, log K ow , log D ow , pK a and supplier are shown in Table S2 . Surrogate/internal standards were all purchased from LGC, with the exception of caffeine-d9 (Sigma-Aldrich). All standards and internal standards were of the highest purity available (>97%). Individual stock solutions were purchased or prepared from powdered substance in either acetone or methanol at a concentration of 1 or 0.1 g L −1 and stored in the dark at −20 •C. Mixed standard solutions were prepared at 10 mg L −1 in methanol and diluted as necessary to prepare working solutions. LC-MS mobile phase solvents and additives were all of LC-MS quality and purchased from Sigma-Aldrich, with the exception of H 2 O which was purchased from Fisher. Hydrochloric acid (37%), ammonium hydroxide (30%), and 5% dimethylchlorosilane (DMDCS) in toluene were purchased from Sigma-Aldrich. HPLC grade methanol, glacial acetic acid (>99%) and analytical grade sand were purchased from Fisher. Ultrapure water used for PLE was taken from a Barnstead Nanopure water purification system (Thermoscientific, UK) with a specific resistance of 18 MΩ-cm.
Solid phase extraction (SPE) was carried out with Gilson SPE, Aspec XL4 (Anachem, UK). Oasis 60 mg MCX and 60 mg HLB cartridges were purchased from Waters (Waters, UK). SPE samples were eluted into borosilicate glass tubes (12mm x 75mm, Fisher, UK) and evaporated with a TurboVap LV concentration workstation (Caliper, UK). All glassware used was silanised by rinsing (once) with DMDCS for 15 seconds, toluene (twice) and finally methanol (thrice).
Soil and SPM samples were extracted by PLE using an ASE 150 system (Dionex, UK). Whatman glass fibre filters were placed at the bottom of 100 mL extraction cells to prevent possible blockage of the end cap. Surrogate/internal standards were spiked into each sample at the following concentrations: amphetamine-d11 (150 ng g -1 ), methamphetamine-d14 (100 ng g -1 ), nicotine-d4 (87.5 ng g -1 ), buprenorphine-d4 (100 ng g -1 ), diazepam-d5 (100 ng g -1 ), heroin-d9 (300 ng g -1 ), cocaine-d3(100 ng g -1 ), fentanyl-d5 (100 ng g -1 ), codeine-d6 (100 ng g -1 ), ketamine-d4 (100 ng g -1 ), fluoxetine-d6 (200 ng g -1 ), propoxyphene-d11 (100 ng g -1 ), oxycodoned6 (100 ng g -1 ), norpropoxyphene-d5 (200 ng g -1 ), MDMA-d5 (100 ng g -1 ), oxazepam-d5 (100 ng g -1 ), mescaline-d9 (125 ng g -1 ), PCP-d5 (100 ng g -1 ), morphine-d6 (300 ng g -1 ), benzoylecgonine-d8 (100 ng g -1 ), LSD-d3 (100 ng g -1 ), methadone-d9 (100 ng g -1 ), EDDP-d3 (100 ng g -1 ), methaqualone-d7 (100 ng g -1 ), dihydrocodeine-d6 (100 ng g -1 ), MBDB-d5 (100 ng g -1 ), cocaethylene-d8 (100 ng g -1 ), MDEA-d5 (100 ng g -1 ), temazepam-d5 (55 ng g -1 ), caffeine-d9 (600 ng g -1 250 s; pressure, 1,500 psi and extraction cell, 100 mL. Solvents investigated during optimisation were methanol/water (1/1, 1/2, 1/3, 2/1, 2/1, v/v) all adjusted to pH 2 with acetic acid. Temperatures of 40, 60, 80, 100 and 120 °C were evaluated using the optimised solvent. The number of extraction cycles required was optimised by collecting 4 individual extraction cycles of the same sample. During method development, 1 g of soil was spiked with 150 ng g -1 of each compound, with recoveries calculated against spiked matrix after PLE (before SPE). The final PLE method was as follows: temperature, 80 °C; preheat period, 5 min; static cycles, 3; static time, 5 min; flush volume, 60%; purge time, 250 s; pressure, 1,500 psi. Three PLE rinse cycles were performed before starting PLE analysis and one rinse was carried out between each subsequent sample.
The extract obtained in PLE (approximately 114 mL) was poured into a 500 mL volumetric. The bottle used to collect the PLE extract was then rinsed three times (approximately 300 mL in total) with ultrapure water (pH 1.8,. adjusted with HCl). The sample was then made up to 500 mL with ultrapure water (pH 1.8) and extracted by SPE in the same manner as described in section 2.4. An exception to this was during the investigation into extraction solvent, in which samples were diluted to 1000 mL to ensure that the varying amounts of methanol in the extract were sufficiently diluted to negate the effects on SPE recovery.
Solid phase extraction
SPE was carried out with the usage of Oasis MCX cartridges. Conditioning was performed with MeOH (2 mL) and equilibration with 2% HCOOH/H 2 O (2mL, pH 2), both at a flow rate of 3 mL min −1 . Acidified (pH 1.8) PLE samples (500 mL) or aqueous wastewater samples (100 mL) were passed through the MCX cartridge at a rate of 6 mL min −1 . Immediately following loading, cartridges were washed with 2 % HCOOH/H 2 O (2 mL, pH 1.8) at a flow rate of 3 mL min −1 and subsequently wrapped in aluminium foil and stored at −20 ˚C no longer than one week before being eluted. Cartridges were washed with 0.6 % HCOOH/MeOH (2 mL, pH 1.8) at a flow rate of 3 mL min −1 followed by elution with 7 % NH 4 OH/MeOH (3 mL) at a flow rate of 1 mL min −1 into silanised vials. Extracts were evaporated to dryness (40 ˚C, N 2 , 2-10 psi) and reconstituted with 0.3 % CH 3 COOH/5 % MeOH/H 2 O (v/v) (500 µL). All samples were filtered through 0.2 µm PTFE filters (Whatman, Puradisc, 13mm) before being transferred to maximum recovery deactivated vials with PTFE septa (Waters, UK).
LC-MS/MS
The aforementioned drug residues and associated metabolites were measured with a fully validated, highly selective and sensitive LC-MS/MS method [24] . Briefly, separation was achieved with the usage of Waters ACQUITY UPLC TM system (Waters, UK) consisting of ACQUITY UPLC TM binary solvent manager and ACQUITY UPLC TM sample manager. Analytes were analysed with an AQUITY UPLC BEH C18 (1.7 µm; 1mm × 150 mm) column, with a mobile phase consisting of mobile phase A (pH 2.9): 79.7%H 2 A triple quadrupole mass spectrometer (TQD, waters, UK) equipped with an electrospray ionisation source was used for the quantification of target analytes. The analyses were performed in positive mode. The mass spectrometer was operated in selected reaction monitoring (SRM) mode, measuring the fragmentation of the protonated pseudo-molecular ions of each compound. Masslynx 4.1 software (Waters, UK) was used to collect and analyse all data.
Quantification and confirmation
Each compound was quantified by MRM, with the protonated molecular ion employed as the precursor. The most abundant transition product ion was typically used for quantification; with a second transition, for nearly all compounds, used for confirmation (see Table S3 ). The criteria to confirm the presence of analyte in environmental samples included ensuring the ratio of the retention time of internal standard/analyte in the standard sample was within 2.5 % of the ratio of internal standard/analyte in the 'test' sample. Furthermore, ensuring the ion ratio of the quantifier ion to that of the qualifier ion was within tolerance ranges as described by the EU guidelines [25] . 31 deuterated internal standards were used to compensate for signal suppression or enhancement of analytes in the ESI source and low SPE or PLE recoveries. A deuterated internal standard for all analytes was not possible due to lack of commercial availability; hence an internal standard that was similar in structure and gave similar analytical responses was selected as a surrogate for those compounds.
The percentage of analyte on SPM (P SPM ) was experimentally determined using Equation 1: ); M SB is the dry weight of SPM in the wastewater sample (g L -1 ); V W is the volume of wastewater sample (L); C DISS is the concentration of analyte in the aqueous phase of the sample (ng L -1 ).
Method validation
The performance of the method was evaluated through estimation of linearity and range, recovery, accuracy, reproducibility, repeatability, matrix effects, and limits of detection and quantification. All results expressed as ng g -1 are done so on a dry-weight basis. Linearity was investigated over a ten-point calibration with spiked soil samples ranging from 0.5 -500 ng g -1 analysed in duplicate. The calibration curve was prepared by calculating the ratios between the peak area of each substance and the peak area of the internal standard. Masslynx 4.1 software was used to analyse and process all data. Acceptable linearity was obtained with a correlation coefficient >0.99 with ≥5 data points. Overall method repeatability was evaluated by spiking soil samples with 50 ng g -1 of each compound (n = 5). Overall method reproducibility was evaluated at 50 ng g -1 over a three day period (n = 2). Accuracy of the method was assessed as the percentage deviation from the known amount of analyte added to the sample at one concentration level, 50 ng g -1 .
Recoveries regarding the PLE procedure and the overall PLE-SPE-LC-MS/MS were evaluated by spiking both soil and SPM at 50 ng g -1 .
To calculate the PLE recovery, peak areas of analytes in soil/SPM spiked before PLE were compared to peak areas of analytes in soil/SPM extract spiked after PLE but before SPE. To calculate PLE-SPE-LC-MS/MS recovery, peak areas of analytes in soil/SPM spiked before PLE were compared to peak areas of analytes in soil/SPM extract spiked during reconstitution step (after SPE). The recovery for the SPE-LC-MS/MS procedure was calculated by spiking soil/SPM after PLE (but before SPE) and comparing peak areas of analytes in soil/SPM spiked after PLE with peak areas in soil/SPM extract spiked during reconstitution. Thus each recovery is decoupled from matrix effects. Matrix effects are presented separately and were determined for each compound as a percentage decrease in peak area of analyte in sample matrix (minus peak area present in blank sample) compared to sample diluent. LC-MS/MS instrumental detection limits (IDL) and quantification limits (IQL) were experimentally determined using signal-to-noise approach through analysis of a series of low concentration standards (in spiked sample diluent) as previously reported [24] . IDL was determined at the lowest concentration that provided S/N ≥ 3 for transition 1. IQL limits were determined at the lowest concentration that provided S/N ≥ 10 for transition 1 and S/N ≥ 3 for transition 2. PLE-SPE-LC-MS/MS method detection limits (MDL) and method quantification limits (MQL) were determined using soil spiked with known concentrations of analytes and then extracted according to the procedure described above. MQLs were determined both experimentally with the usage of signal-to-noise approach (MDL S/N , MQL S/N ) and calculated with the usage of Eqs 2 and 3 (MDL calc , MQL calc ). To estimate MDL calc and MQL calc the IDL and IQL was taken into consideration in addition to the total method recovery (including matrix effects) and the sample concentration factor involved. To clarify, this process firstly involved estimating the instrumental limits for solid samples as opposed to liquid. For instance, if the IQL for a certain analyte was 100 ng L -1 (the equivalent of 50 ng 500 mL -1 ), and as the solid sample (1 g) is diluted in 500 mL, this allows an instrumental quantification limit of 50 ng g -1 to be estimated for the solid sample (termed S.IQL) (assuming no loss of analyte at any step in the procedure or no concentration factor at this point). Subsequently, once a S.IQL or S.IDL has been estimated for the analyte, Equation 2 and Equation 3 may be used to take into consideration total method recovery (that includes matrix effects) and the concentration factor.
Equation 2 -PLE-SPE-LC-MS/MS method detection limit calculation Equation 3 -PLE-SPE-LC-MS/MS method quantification limit calculation
Where: S.IDL is the instrumental detection limit (ng g -1 ) (see above for discussion), S.IQL is the instrumental quantification limit (ng g -1 ), T.Rec is the total PLE-SPE-LC-MS/MS recovery (%) and CF is the concentration factor, which in this method denotes 1000.
Spiking was carried out by loading the soil (1 g) or SPM (1 g) into an extraction cell partially filled with sand and spiking with a small volume of internal standards in methanol (10 µL) (and analytes in the case of recovery experiments). The extraction cell was then placed in a fume cupboard for 20 minutes to allow the solvent to evaporate and the remaining cell filled with sand.
RESULTS AND DISCUSSION
Method development
To achieve a fast and efficient extraction procedure, the PLE variables (solvent, temperature and extraction cycles) were evaluated. Each PLE parameter was investigated in a step-wise manner using the initial conditions described in section 2.3. Initial conditions were selected based on a literature review, with the most relevant methods to this study summarised in Table S1 . The variety of compounds studied exhibited Log D values in the range -2.3 -4.7 at pH 7 and -1.9 -5.4 at pH 8 (predicted using ACD labs software [26] ).
The PLE method was developed based on the SPE and LC-MS/MS procedure described previously [24] . The SPE method was optimised by evaluating the percentage of organic solvent that a sample can contain before recovery is adversely affected. This parameter is important due to the need to dilute PLE extracts to reduce organic composition; generally so organic content is around 5 % or less [20, 27] . It was found with the use a mixed mode SPE sorbent that methanol content may be up to 25 %, thereby significantly reducing the required dilution of PLE extracts and in turn the amount of time required for extraction. This study is described in more detail in the supplementary material.
Solvent
As with the majority of solid-liquid extraction techniques, solvent is one of the most important parameters to optimise in the development of an efficient extraction procedure [11] . Due to the range of compounds selected in this study being characterised by widely differing polarities, a solvent with some organic content in water was likely to provide the best recoveries. Consequently, various different solvents were tested containing varying amounts of methanol/water (1/1, 1/2, 1/3, 2/1, 2/1, v/v) with all solvents adjusted to pH 2 with acetic acid. The combination of methanol/water, as opposed to other solvents such as acetonitrile/water, was selected based on published literature identifying this mixture as providing higher recoveries in the majority of extraction methods [16, 18, 20, 21] . It was decided to test the solvents at an acidic pH due to authors [18, 28, 29] reporting the highest recoveries with an acidic solvent.
To optimise the solvent, soil was directly spiked with 150 ng g -1 of each compound and extracted with methanol/water (pH 2) at different ratios. Absolute recoveries were calculated against soil that was spiked after PLE, but before SPE. Thus, recoveries are a reflection of PLE recovery decoupled from matrix effects. Recoveries are shown in Table S5 with the highest recovery obtained for each compound highlighted.
As was expected with multi-residue analysis, the results did not show one particular solvent to provide the highest recoveries for all compounds. Some analytes reported very little change in all solvents tested, including cocaine, benzoylecgonine, cocaethylene, MDA, MDMA, 6-acetylmorphine, ketamine and norketamine. In comparison, some compounds showed much higher recoveries in certain solvents. EDDP reported a recovery of 82 % with methanol/water at 1/1 (v/v), as opposed to a recovery of 52 % at 3/1 and 65 % at 1/3. Methadone also provided a similar recovery pattern to that of its main metabolite EDDP. All of the amphetamine type compounds provided highest recoveries when extracted in the solvent containing the highest percentage of water. The antidepressants all reported highest recoveries when extracted using methanol water, 1/1. For instance fluoxetine achieved a recovery of 84 % in methanol/water, 1/1 (v/v), whereas a recovery of 23 % was obtained at 1/3 and 67 % at 3/1. Similarly, the benzodiazepines reported optimal recoveries in the same solvent, with exception of temazepam and oxazepam that reported higher recoveries with an increased amount of methanol. Recoveries were < 30 % in all solvents tested for fentanyl, BZP, PCP and 7-aminonitrazepam. As a compromise between the optimal recoveries for all compounds, a solvent containing methanol/water, 1/1 (v/v) was selected for further development.
Temperature
Application of higher temperatures in PLE decreases the viscosity of solvents, therefore allowing better penetration into sample matrix [27] . Furthermore, higher temperatures increase diffusion rates and increase the ability of the solvent to disrupt matrix-analyte interactions. Consequently, the release of analytes from active sites in the matrix is speeded up, which is considered the rate-limiting step in many environmental applications [23] . Low temperature can decrease recoveries. However, on the other hand, too high a temperature can also decrease recoveries. This may be due to thermal degradation of analytes or loss of selectivity in the method that leads to the more efficient release of interfering matrix components [11, 20, 28] . Temperatures of 50 to 110 °C were studied by Vazquez-Roig et al. [22] and found increasing recoveries up to 90 °C. Over this temperature the recovery of some pharmaceuticals decreased. Similarly, Barron et al. [20] studied a temperature range of 40 to 120 °C and selected the optimum temperature of 60 °C due to loss of some compounds over this temperature.
In this study, temperatures of 40, 60, 80, 100 and 120 °C were studied using the optimised solvent methanol/water, 1/1 (v/v) at pH 2. Soil was directly spiked with 150 ng g -1 of each compound. Absolute recoveries were calculated in the same manner as previously undertaken during the solvent investigation. Absolute recoveries were calculated against soil that was spiked after PLE, but before SPE; hence recoveries are a reflection of PLE recovery decoupled from matrix effects. Recovery values for all analytes at each temperature are listed in Table S6 .
The increase in temperature resulted in changes in recovery for a number of compounds. For the majority of compounds an increase in recovery was observed as the temperature increased from 40 °C. However, for some compounds after a certain temperature a decrease in recovery was observed. The negative effect of an increase in temperature is shown in Figure S1a , with a decrease in recovery observed after 60 -80 °C. As previously mentioned, this may be due to thermal degradation of analytes or loss of selectivity that occurred as a result of a less selective method extracting more interfering matrix components [11, 20, 28] . In contrast, the trend observed for certain compounds showed a continual increase in recovery with temperature (see Figure S1b) . The increase in recovery with temperature was especially pronounced for PCP, venlafaxine and EDDP. For instance, at 40 °C venlafaxine reported a recovery of 20 %, while at 120 °C a recovery of 95 % was observed. A temperature of 80 °C was selected for further development as a compromise between the optimum recoveries for the studied compounds.
Extraction cycles
The number of cycles employed in PLE is important as the introduction of fresh solvent maintains a suitable solvent-to-sample equilibrium, and improves partitioning into the liquid phase [11, 23] . A static time of 5 minutes was selected based on the vast majority of authors reporting 5 minutes as the optimal static period [16, 20, 21, 27] . To investigate the number of extraction cycles required soil was spiked with 150 ng g -1 of each compound. Four successive extractions were carried out on the same sample with each cycle collected and analysed separately. Results shown in Figure S2 are expressed as cumulative absolute recovery.
Absolute recovery was calculated by comparison of peaks areas to a sample of blank soil spiked after PLE, but before SPE.
It was found that the first and second cycle contained the highest concentrations of each analyte with only a small fraction of each compound detected in the third cycle, and negligible amounts of each analyte detected in the fourth cycle. For this reason three cycles were selected as optimum.
Method validation
The performance of the method was evaluated through estimation of linearity and range, recovery, accuracy, reproducibility, repeatability, matrix effects, and limits of detection and quantification. All method performance data is listed in Table 1 and recoveries in Table 2 . LC-MS/MS chromatograms for all analytes spiked on SPM before PLE at 50 ng g -1 are shown in Figure S3 .
Soil samples were spiked in the concentration range 0.5 -500 ng g -1 and calibration curves generated as described in section 2.7. The range was selected based on expected concentrations on SPM in wastewater samples. Acceptable linearity was considered R 2 ≥ 0.99 with a minimum of n = 5 data points. The correlation coefficient for all compounds was R 2 > 0.992 with the majority of compounds achieving linearity of R 2 > 0.997 (Table 1 ). An exception to this was fentanyl (R 2 = 0.979). The range for the majority of compounds incorporated all ten data points between the range 0.5 -500 ng g -1 . Sensitivity for some compounds was above 0.5 ng g -1 (12 in total: ecgonidine, BZP, BDB, mescaline, oxymorphone, norpropoxyphene, nortramadol, temazepam, nitrazepam, norfluoxetine, sildenafil and norephedrine), and so was measured at a higher starting concentration. The upper concentration range was < 250 ng g -1 for a small number of compounds (6 in total: anhydroecgonine methyl ester, ecgonidine, TFMPP, BDB, oxymorphone and methaqualone), which could be due to several factors such as SPE breakthrough or the concentration being above the linear range of the mass spectrometer. Nevertheless, with a minimum of n = 5 data points, the calibration curve was considered acceptable for quantification purposes.
MDLs and MQLs were estimated based on a signal to noise approach as described in section 2.7. MQLs obtained in soil were < 1.0 ng g -1 for 56 compounds and on SPM < 2.6 ng g -1 for 54 compounds (Table 1 ). This method therefore offers excellent sensitivity for the quantification of multi-class compounds at trace levels. High limits of quantification for a small percentage of compounds were reported. This was a result of low PLE recovery (BZP, fentanyl), low SPE recovery (anhydroecgonine methyl ester, ecgonidine) or high ion suppression when extracted from SPM (diazepam, nordiazepam, and mescaline).
Repeatability was assessed at a concentration of 50 ng g -1 with n = 5 samples, with reproducibility conducted at the same concentration over a three day period. Precision < 20 % was considered acceptable due to the number of analytical steps involved in the procedure. Repeatability was determined to be ≤ 10 % for nearly all compounds (56 analytes), whilst on the other hand a small number of compounds reported values > 20 % including fentanyl (31 %), fluoxetine (37 %) and norfluoxetine (35 %). Reproducibility was < 15 % for 55 compounds, with values > 20 % for analytes BZP (42 %), fluoxetine (48 %) and norfluoxetine (52 %). All compounds reported an accuracy ± 18 % that was considered adequate for environmental application.
Recovery was determined by spiking soil and SPM at 50 ng g -1 for each analyte. Recoveries were calculated as described in section 2.7. Absolute recoveries were determined in relation to 1) the PLE method, 2) the SPE method (including evaporation and reconstitution), and 3) the full PLE-SPE-LC-MS/MS method. Relative recovery was determined for the full procedure and all recoveries are listed in Table 2 . PLE-SPE-LC-MS/MS recoveries for the majority of compounds (38 in total) were ≥ 60 % in soil, and similarly in SPM recoveries were ≥ 60 % for most analytes (34 in total). By providing recoveries for the SPE and PLE procedure separately, observations as to why low recoveries have been reported can be extracted. For instance, temazepam in both soil and SPM reported a PLE recovery around 90 %, whereas the SPE recovery was around 10 %, resulting in a low PLE-SPE-LC-MS/MS recovery. The use of deuterated internal standards to compensate for sample preparation and matrix effects provided recoveries of around 100 % for all compounds, with a small number of exceptions. When analysed on SPM, low relative recoveries were obtained for anhydroecgonine methyl ester (11 %), ecgonidine (7 %) and methcathinone (20 %).
MS signal suppression or enhancement was investigated by spiking soil/SPM at 100 µg L -1 during reconstitution and comparing peak areas to that of sample diluent spiked at the same concentration. The results are listed in Table 1 , with a value of 0 % indicating no matrix effect, > 0 % indicating signal suppression and a value < 0 % indicating signal enhancement.
For the majority of compounds in soil, a small amount of enhancement or suppression of 20 % or less was observed. Surprisingly high signal enhancement was observed in soil for nortramadol (118 %) and norephedrine (212 %). Matrix effects in SPM were more pronounced. Although matrix effects were different for every compound, many compounds observed signal suppression in the range of 20 -50 %. The highest signal suppression was observed for nordiazepam at 97 %, with the parent compound diazepam also high at 87 %. Signal enhancement was again observed for norephedrine (363 %) and tramadol (300 %). In addition, significant enhancement was observed for amphetamine (118 %), propoxyphene 
Application to samples from the UK 4.1 Results
The developed methodology was applied to the analysis of SPM extracted from wastewater collected from three major WWTPs in the UK. Of the SPM samples analysed, 31 compounds were determined at a concentration >MQL, with a further three compounds detected at a concentration MDL> < MQL. The concentration of analyte measured on SPM and dissolved in the aqueous phase is listed in Table 3 . This table also reports the percentage of the total concentration that was measured on SPM.
The adsorption of cocaine to SPM ranged from 1.8 -2.7 ng g -1 , which represented a proportion on SPM ranging from 0.9 -1.8 %. To a lesser extent, benzoylecgonine was determined on SPM as a proportion ranging from 0.02 to 0.2 % and cocaethylene 1.4 -2.2 %. Amphetamine was detected in four samples. However, the ion ratio of the two transitions for this compound was outside the permitted tolerance range and did allow reliable quantification. Nevertheless this compound was presented in the results for information purposes. Amphetamine presented a proportion on SPM ranging from 1.6 -8.6 %. Methamphetamine was not detected in wastewater or sorbed to SPM.
Levels of methadone and EDDP detected on SPM were found to be important. The concentration of methadone ranged from 19.4 -57.6 ng g -1 , resulting in a proportion on SPM of 8.1 -18.6 %. EDDP concentration was between 30.1 -194.0 ng g -1 providing a proportion of particulates of 12.1 -34.5 %. Similarly, EMDP reported a proportion of 26.2 -32.1 %, although it should be noted that these values are based on two samples only. Concentrations of codeine, norcodeine, morphine, normorphine, tramadol and dihydrocodeine were detected on SPM, with the proportion < 5.6 % in all samples for each compound.
The concentration of studied antidepressants on SPM was relatively high. The highest concentration determined in this study was for amitriptyline, which ranged from 118.3 -629.9 ng g -1 and resulted in a proportion on solids of 9.4 -50.3 %. The highest partitioning to solids was determined for fluoxetine, 39.2 -73.9 %, and norfluoxetine, 36.7 -89.4 %. Dosulepin reported a proportion on solids ranging from 17.4 -64.7 %, whilst in contrast, venlafaxine was determined at 0.6 -3.9 %.
Data Evaluation
One of the goals of this study was to assess whether or not the adsorption of target drug residues to SPM was at sufficient levels to obstruct the reliable estimation of drug usage through the analysis of the aqueous part of the WWTP influent sample only. The proportion of sorption to SPM is shown in Figure 1 . The maximum proportion of analyte sorbed to SPM was < 2.8 % (thus likely to be considered negligible) for cocaine, benzoylecgonine, cocaethylene, MDMA, temazepam and ketamine. Furthermore sorption was < 4.7 % for norcodeine, normorphine, dihydrocodeine, tramadol, oxazepam and nortriptyline. Therefore, publications in which these compounds have been monitored will not be adversely affected with regards to the lack of SPM analysis.
In contrast, the proportion of analyte on SPM could be a cause for concern in relation to some target analytes. Morphine was determined up to a maximum of 5.6 % on SPM, codeine up to 5.2 % and amphetamine up to 8.6 %. Although these values are still relatively low, ideally SPM analysis would be carried out to prevent under-reporting.
The proportion of analyte on SPM for methadone was in the range 8.1 -18.6 % (mean = 11.5 %), and EDDP, 12.1 -34.5 % (mean = 18.5 %). The high percentage of analyte on SPM necessitates the analysis of SPM. EDDP was used as an indicator for methadone usage by van Nuijs et al. [9] , with the authors reporting extremely low average consumption of methadone (2 mg/day per 1000 inhabitants). The same publication also reports that the use of methadone is uncommon in Europe based on official EMCDDA statistics. It is not clear in this publication whether or not the levels of methadone determined from EDDP were lower than expected in comparison to official statistics, as use was considered negligible in the country where the study was performed (Belgium). However, based on the findings of this study, methadone could have been under-reported by wastewater analysis alone by as much as 35 %. Methadone was employed as the consumption indicator of methadone itself in the work by Postigo et al. [8] . Therefore, based on the results of this study, levels could have possibly been under-reported by up to nearly 20 %.
The partitioning of analytes onto SPM was most significant for antidepressant compounds, which is not surprising given their non-polar nature (see Table S2 ). The proportion of analyte on SPM was determined at a maximum for dosulepin 64.7 %, amitriptyline 50.3 %, nortriptyline 39.7 %, fluoxetine 73.9 % and norfluoxetine 89.4 %. Somewhat lower than the other antidepressants, venlafaxine was determined at a maximum proportion on solids of 3.9 %, which is likely to be a result of the analyte's more polar nature. High levels of fluoxetine were determined in bio solids collected from a WWTP by Kinney et al. [30] , ranging from 100 to 4700 ng g -1 organic carbon and by Radjenovic et al. [21] ranging from 71.9 -122.7 ng g -1 .
CONCLUSIONS
This study reports the first PLE methodology for the extraction of drugs of abuse on suspended particulate matter in wastewater. The PLE-SPE-LC-MS/MS procedure developed allows the simultaneous quantification of a wide range of drugs of abuse from complex environmental matrices. Suspended particulate matter was analysed from the UK providing the first comprehensive report of drugs of abuse on SPM.
The developed PLE protocol was optimised through the evaluation of key parameters, including solvent, temperature and number of extraction cycles. A previously developed SPE procedure was used to concentrate PLE extracts, which was further evaluated to assess the impact of higher sample methanol content. This in turn allowed a lower PLE extract dilution volume to be utilised in comparison to other published manuscripts, which recommend a methanol content < 5 %. The methodology was validated through assessment of linearity and range, recovery, accuracy, reproducibility, repeatability, matrix effects, and sensitivity. PLE-SPE-LC-MS/MS recoveries were ≥ 60 % for the majority of compounds when extracted from SPM. Excellent quantification levels were provided for nearly all compounds (54 in total) at < 2.6 ng g -1 . The application of the method to wastewater samples allowed for quantification of 34 compounds on SPM in the range 0.1 (benzoylecgonine) -629 (amitriptyline) ng g -1 . For the majority of compounds this constituted a proportion on SPM < 5 %, although certain compounds reported significant levels. The average proportion on SPM was > 10 % with regards to methadone, EDDP, EMDP, BZP, fentanyl, nortramadol, norpropoxyphene, sildenafil and all antidepressants (dosulepin, amitriptyline, nortriptyline, fluoxetine and norfluoxetine). Figure 1 . Experimentally determined proportion of analyte sorbed onto SPM collected from wastewater influent in the UK. White dots represent the mean value, with blue lines representing the range. The number of samples for which the analyte was quantified is shown in brackets next to each compound. a Absolute recovery for PLE; Soil (n = 5)/SPM (n = 2) spiked before PLE and compared to soil/SPM sample spiked after PLE (before SPE)
b Absolute recovery for SPE (including evaporation and reconstitution); Soil (n = 3)/SPM (n = 2) spiked after PLE (before SPE) and compared to soil/SPM sample spiked during reconstitution c Absolute recovery for PLE-SPE-LC-MS/MS; Soil (n = 3)/SPM (n = 2) spiked before PLE in comparison to soil sample spiked during reconstitution d Relative to surrogate/internal standard; same samples as described in c 
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Multi-residue determination of the sorption of illicit drugs and pharmaceuticals to wastewater suspended particulate matter using pressurised liquid extraction, solid phase extraction and liquid chromatography coupled with tandem mass spectrometry David R. Baker 1 and Barbara Kasprzyk-Hordern Metcalfe et al. [7] N.R. = not reported in manuscript; N/A = not applicable as PLE was not used in the analytical method; a Amphetamine; b 10 pharmaceuticals; c It is not clear in the manuscript how recoveries were calculated, although it would seem that spiked sludge was compared to spiked diluent; d 27 pharmaceuticals; e Recoveries calculated by spiking soil/sludge before PLE and comparing against blank soil/sludge spiked during reconstitution; f Recoveries for three compounds could not be calculated in sewage sludge; g 12 pharmaceuticals; h Absolute recoveries calculated by spiking sediment prior to PLE and comparing the peak area to a standard solution without matrix; I 31 pharmaceuticals; j Recoveries were determined through pre-and post spiking of matrix. However, it is not clear in this manuscript if recoveries were absolute or relative, and if they refer to only the PLE step or both PLE and SPE; k 17 pharmaceuticals; l Absolute recovery calculated by spiking soil and sediment before PLE and relates to the entire extraction process, although it is unclear if this value includes matrix effects; m 6 drugs of abuse; n Particulate matter on filters used for testing, but dry weight of SPM not reported; o Recovery calculated by spiking filters without matrix before USE, and comparing to standard solution [8] b predicated using ACD labs software [9] 
Effect of sample methanol content on SPE recovery
Initially, before optimising the PLE process, an investigation into the percentage of organic solvent that can be used before effecting SPE recoveries was undertaken. This parameter is of importance due to the need to dilute PLE extracts to reduce organic composition [3, 5, 10, 11] . Dilution is generally performed so that organic content is around 5 % or less. However, doing so then results in increased times for SPE extraction.
In this study the percentage of methanol in water was investigated at 25, 50 and 75 %. All analytes were spiked into 100 mL of methanol: water at 10 ng per analyte and extracted in duplicate according to the SPE procedure described in section 2.4. The recoveries for each analyte in the different solvents were normalised against the recovery generated from a completely aqueous sample. Results are shown in Table S4 .
The results show that a sample composition of 25 % methanol in relation to 0 % methanol leads to little effect on the vast majority of analytes, with a change of less than 10 % for nearly all compounds. However there were significant exceptions. Anhydroecgonine methyl ester and ecgonidine reported a decrease in recovery of 63 and 77 %, respectively. Similarly, a high decrease in recovery was observed for caffeine (94 %), 1,7-dimethylxanthine (94 %), nicotine (93 %) and continine (86 %). A percentage of methanol content of 50 and 75 % resulted in unacceptably decreased recoveries for nearly all compounds.
Although a methanol composition of 25 % led to the significant decrease in the recovery of a small number of compounds, it was decided that the ability to use a much smaller dilution factor was more beneficial. In particular this was because the analytes in question, anhydroecgonine methyl ester and ecgonidine, had not been measured at > MDL in wastewater between the sampling months of December 2009 to November 2010. Therefore it was unlikely that either compound would be detected in SPM. Caffeine, 1,7-dimethylxanthine, nicotine and continine were not further analysed due to low SPE recovery.
The ability to use up to 25 % methanol in water when performing SPE with an Oasis MCX may provide an important advantage over methods which employ the Oasis HLB and need to dilute methanol content to < 5 %. For instance Jelic et al. [11] used a solvent of methanol/ water, 1/2 (v/v) and obtained a PLE extract of around 22 mL which was diluted to 500 mL and extracted using an Oasis HLB sorbent. With the SPE method in this study it may have been possible to dilute to a much smaller volume of around 60 mL. Similarly, Barron et al. [3] used a PLE solvent of methanol water, 1/1 (v/v) and obtained a PLE extract of around 53 mL which was then diluted to 1000 mL and extracted with Oasis HLB sorbent. Using the SPE method in this study it may have been possible to dilute to just over 100 mL. These conclusions are of course speculative, and with a different set of compounds the recoveries obtained may have changed dramatically. Nevertheless, this shows that a mixed mode sorbent may provide significant improvements in reducing the dilution factor and in turn the time required for extraction. When selecting SPE sorbent, an evaluation of the effect of methanol content should be considered rather than simply the recovery of compounds in isolation. ------------------MBDB  ------------------BDB  ------------------Mescaline  ------------------LSD  ------------------O-H-LSD  ------------------Opiods and morphine derivatives   Heroin  ----------------- 
